1. Experimental conditions have been found in which small amounts of methanol (approximately 2.5mM) accumulated when washed cell suspensions of methanegrown P8eudomona8 methania and Methanomona8 methanooxidans were incubated with methane +oxygen mixtures in Warburg flasks. 2. The methanol formed could be separated completely from water by fractional distillation through glass helices followed by gas chromatography using 20% polyethylene glycol 400 on a Celite 545 support. 3. By using 180-enriched oxygen gas the abundance of 180 in the methanol formed from oxidation of methane was measured with a Perkin-Elmer 270 combined gas chromatograph/mass spectrometer. The results showed that the oxygen in methanol was derived exclusively from gaseous oxygen in both microorganisms. 4. Control experiments using [180]water in incubation mixtures confirmed that there was negligible incorporation of the oxygen atom from water into methanol.
CH4 -÷ CH30OH -* H.CHO -H.CO2H -* CO2
Johnson & Quayle (1964) reported enzymes in such bacteria that can catalyse the stepwise oxidation of methanol to carbon dioxide, but virtually nothing is known about the mechanism of the first step, the oxidation of methane to methanol. By analogy with oxidation of higher alkanes (Peterson, Kusunose, Kusunose & Coon, 1967) , a possible reaction might be one which is mediated by a mixedfunction oxidase (mono-oxygenase):
CH4+02+XH2 -* CH3-OH+H20 +X (1) where XH2 is a reducing agent. Another possibility might be an oxygenase system in which two molecules of methane are oxygenated in the overall reaction:
2CH4+ 2-2CH3 *OH
The evidence in favour of the operation of an oxygenase is, however, only indirect: Leadbetter & Foster (1959) grew P8eudomona8 methanica in the presence of 1802 and found that if the carbon source was methane, the incorporation of 180 into cell material was 16 times that found when the microorganism was grown on methanol.
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On the other hand, there is indirect experimental evidence which argues against the major involvement of a mono-oxygenase. Brown et al. (1964) , using suspensions ofMethanomona8 methanooxidan8, found that the presence of 3mM-iodoacetate during oxidation of methane caused at least 75% of the methane consumed to accumulate as methanol, and that this concentration of iodoacetate inhibited methanol oxidation without inhibiting methane oxidation. Whittenbury (1969) has pointed out that since the further oxidation of methanol would be the only source of reducing power for a monooxygenase reaction, the results of Brown et al. (1964) could be inconsistent with the involvement of such an enzyme. Further, the consumption of reducing power by a mono-oxygenase might result in the cell yield of a methane-grown organism being less than that of the same organism grown on methanol. Whittenbury (1969) stated that cell yields measured in his laboratory on methane as carbon source were approximately twice those obtained on equimolar amounts of methanol, and hence he suggested that the transformation of methane into methanol is energy-yielding and might be a hydroxylation reaction, yielding methanol and two electrons for energy transduction: CH4+H20 -O CH3.OH+2 [H] (3)
It is thus evident that the fundamental nature of the bacterial transformation of methane into methanol is not at all clear and calls for direct Bioch. 1970, 118 experimentation using 180 as tracer. The present paper records the results of such a study.
MATERIALS AND METHODS
Maintenance and growth of micro-organisms. Pseudomona8 methanica and Methanomonas methanooxidans were grown in mineral salts media as described by Leadbetter & Foster (1958) and Jayasuriya (1955) respectively. P. methanica was maintained on agar slopes, M. methanooxidan8 in 10ml liquid cultures. Agar slopes and 10ml starter cultures were incubated at 30°C in large desiccators gassed with methane+ air (50:50). The gas mixture was sterilized by passage through a sterile cotton-wool filter attached to the desiccator inlet tap. After 2-3 days growth the starter cultures were used to inoculate 50 ml volumes of sterile medium in 250ml conical flasks. The latter cultures were used to inoculate 500ml volumes of sterile medium in 2-litre conical flasks after 2 days growth. (Feldstein & Klendshoj, 1954) . A standard curve was prepared by using standard solutions of pure methanol.
Preparation of methane+ ['80 ]oxygen mixtures. 1802 was transferred from sealed ampoules to storage bottles by using a Toepler pump (Calvin, Heidelberger, Reid, Tolbert & Yankwich, 1949) . The displacement fluid in the Toepler pump and storage bottles was aq. 5% (w/v) CuSO4,5H20 solution, previously freed of 02. The CuS04 was present as a biocide. After transfer of the 1802 into the storage bottle, a measured amount of methane was admitted into the same storage bottle to give the required gas mixture. The latter was then introduced into Warburg manometers containing the bacterial suspensions, after the manometers had been first flushed with pure methane and evacuated to a pressure of 75mmHg, by allowing the gas mixture to enter the manometers until atmospheric pressure was regained.
Preparation of samples for g.l.c.-ma88 8pectrometry. After manometry the suspension mixtures in the Warburg cups were immediately placed on ice before removal of the cells by centrifugation (30000g for 20min at 00C). The methanol contained in the supernatant after centrifugation was concentrated 10-15-fold by fractional distillation through a column (10 cm xlcm) one-third filled with glass helices, the first few drops of the low-boiling fraction being collected.
Measurement of the abundance of 180 in methanol in dilute aqueous 80sUtion. The abundance of 180 in methanol was determined in lul samples injected by syringe into a Perkin-Elmer 270 combined gas chromatograph-mass spectrometer (Perkin-Elmer Ltd., Beaconsfield, Bucks.,
. The separation of methanol from water was effected by g.l.c. by using a coiled glass column (1.83m x 2.0mm internal diam.) paoked with 20% (w/w) polyethylene glycol 400 (Phase Separations Ltd., Queensferry, Flints., U.K.) on 100-120-mesh acid-washed Celite 545 (Diatomite C; Pye Unicam Ltd., Cambridge, U.K.). Analyses were made under the following conditions: column temperature, 800C; injector temperature, 1200C; helium inlet pressure, 8lb/in2; glass frit molecular separator temperature, 2650C; ion-source temperature, 2200C. Mass spectra were recorded at 20eV with an accelerating voltage of 2kV and a filament emission current of 90,tA. The methanol peaks, which were displayed on a pen recorder monitoring total ion current, were scanned at the apex by using an ultraviolet recording scan speed of lOs/decade. Fig. 1 where I is (peak height-background) and x is a factor that corrects for the proportion of the peak height at mass 31 that is due to [180] methanol. The value of x was assumed to be the same as the ratio of the peak heights at mass 29 and 31, measured at the time with pure [160]_ methanol. The precise value was determined for each set of measurements and was always approx. 0.3. (Anthony & Zatman, 1964) , were also unsuccessful. However, in one experiment with M. methanooxidans, methanol was found to have accumulated in a control flask that did not contain inhibitor. The incubation mixture in this case differed only in having a higher concentration of phosphate buffer than had previously been used. This effect was further investigated.
Factors affecting methanol accumulation in phosphate buffer. Fig. 2 shows the effect of the pH of 72mm-potassium phosphate buffer on gas uptake and methanol accumulation by M. methanooxidans cells. The optimum pH for methanol accumulation was 7.3 and for gas uptake 6.0. Other experiments showed that gas uptake was decreased at pH values lower than 5. and that thereafter the concentration slowly decreased. Maximum gas uptake rates were observed in mixtures of methane +oxygen that contained 50-70% methane and maximum methanol accumulation occurred in mixtures containing 70% methane. P. methanica also accumulated methanol under the conditions that were optimum for M. methanooxidans. For a given set of experimental conditions there was an optimum cell density for methanol accumulation in both organisms. Fig. 4 shows the effect of cell density on gas uptake and methanol accumulation for M. methanooxidans and P. methanica. In both cases the relationship between cell density and rate of gas uptake was linear. The optimum cell density per flask for methanol accumulation was approx. 9 and 4mg dry wt. of cells for M. methanooxidans and P. methanica respectively.
Effect of iodoacetate on methanol accumulation. Since Brown et al. (1964) oxygen mixtures, it was important to test if iodoacetate affected methanol accumulation under conditions otherwise optimum for such accumulation. Fig. 5 shows that iodoacetate under such conditions inhibits methanol accumulation. This behaviour is thus consistent with our earlier finding that, in our hands, in contrast with the report of Brown et al. (1964) , iodoacetate inhibits methane oxidation more than methanol oxidation. Our studies of the specific conditions leading to methanol accumulation during oxidation ofmethane by M. methanooxidan8 and P. methanica permitted concentrations of up to 2.5mM-methanol to be obtained in cell suspensions. It was then possible to perform mass spectral analysis of the methanol as described in the Materials and Methods section. To test the accuracy of the analytical methods, analyses were made by using standards of methanol containing known amounts of 180. These were prepared by mixing an aqueous solution (1:1000, v/v) of ['80 ]methanol of known enrichment with various volumes of a similar solution of [160]_ methanol (A.R. grade). These standard solutions were then analysed for their oxygen isotope abundance ratios and the results are shown in Table 2 .
These experimental methods were now applied to analysis of methanol obtained from oxidation of methane by M. methanooxidans and P. methanica in the presence of labelled oxygen or labelled water. Flasks were prepared in triplicate with M. methanooxidans and also with P. methanica, and, in the case of M. methanooxidans, both sets of experiments were duplicated with independently grown batches of the micro-organism. With P. methanica the experiments involving [L80]water, but not those involving 1802, were duplicatedwith two indendently grown batches of the organism. The results in Table 3 show that within the limits of experimental error, the 180/160 abundance ratio in the methanol is the same as that in the molecular oxygen in the gas phase in both micro-organisms. The results of control experiments in which 1602 was used in place of 1802 in the gas phase but the suspension mixtures contained [180] water in place of [160] water are shown in Table 4 . There was negligible incorporation into methanol of oxygen derived from water, thus corroborating the results obtained with labelled molecular oxygen.
Nature of the oxygenase reaction
The data presented here show unequivocally that the oxygen atom in methanol that is formed by oxidation of methane by M. methanooxidans and P. methanica is derived from molecular oxygen and not from water. The enzyme system involved must therefore be an oxygenase catalysing either reaction (1) or (2). If, by analogy with higher alkane oxidation, the reducing agent for the mono-oxygenase were a reduced nicotinamide nucleotide, the standard free-energy changes for the two reactions at pH 7 would be -82.1 and -59.5 kcal/mol respectively. If the cell yield/mol of methane is higher than the cell The experimental procedure was as described in the Materials and Methods section, conditions being optimum for methanol accumulation. The potassium phosphate buffer was prepared with [180]water (23.06 atom % excess of 180). Incubation mixtures contained 2.3 ml of this buffer in a total volume of 2.8 ml. Total gas uptakes were 6 ml for M. methanooxidans and 2.7 ml for P. methanica. yield/mol of methanol, then this would imply that the exergonic oxygenation of methane is indeed coupled to ATP synthesis. This might take place in a novel coupled electron-transport system for reaction (1) in which the electrons from the reduced nicotinamide nucleotide, during the process of methane oxygenation, are passed to one oxygen atom as terminal electron acceptor. The apparent sensitivity of methane oxygenation to phosphate concentration may be relevant in this respect. The isotope incorporation studies described here were made possible by the discovery of the narrow range of conditions under which methanol accumulated. It should be noted that, even so, the proportion of methane utilized which accumulated as methanol was small (about 5-10% under optimum conditions for accumulation). A biochemical explanation of the interplay of the effects of the buffer concentration, its pH, the cell concentration and the composition of the gas mixture on methanol accumulation during oxidation of methane may become apparent when the oxygenase system is further characterized.
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